Aims/hypothesis Peroxisome proliferator-activated receptor γ (PPARγ), encoded by the PPARG gene, regulates insulin sensitivity and adipogenesis, and may bind polyunsaturated fatty acids (PUFA) and thiazolidinediones in a liganddependent manner. The PPARG proline for alanine substitution at position 12 (Pro12Ala polymorphism) has been related with obesity directly and via interaction with PUFA. Methods We tested the effect-modifying role of Pro12Ala on the 1 year change in obesity-related traits in a randomised clinical trial of treatment with metformin (n=989), troglitazone (n =363) or lifestyle modification (n=1,004) vs placebo (n=1,000) for diabetes prevention in high-risk individuals.
Introduction
Excess adiposity, particularly when localised to the visceral compartments [1] is a major risk factor for a variety of disorders including type 2 diabetes, heart disease, osteoarthritis, certain cancers and sleep apnoea [2] [3] [4] [5] . The propensity for weight gain [6] and the regional distribution of adipose tissue [7] are highly heritable traits, indicating that they have a genetic basis. Moreover, the prevalence of obesity has dramatically increased during recent years in most industrialised societies [8] , but the rates of increase and the overall prevalence vary greatly across ethnic groups [9] . The combination of these factors suggests that genelifestyle interactions influence common obesity. Identifying these interactions may elucidate the mechanisms underlying the development of obesity and prove useful for targeted disease prevention.
In the Diabetes Prevention Program (DPP), treatment with metformin and intensive lifestyle modification reduced the incidence of diabetes by 31 and 58%, respectively, by comparison with the placebo group [10] . Weight loss explained the majority of the reduction in diabetes risk in the intensive lifestyle modification group [11] .
Although body composition is highly heritable [7] , few genetic variants have been reproducibly associated with common obesity or weight loss in response to drug or lifestyle interventions. For those that have, the mechanism(s) for association and the role of gene-environment interactions are poorly understood. One of the more consistently associated genetic variants for obesity is the proline for alanine substitution at position 12 (Pro12Ala) polymorphism at the peroxisome proliferator-activated receptor γ (PPARG) gene [12] . The Pro12Ala genotype was discovered by sequencing the gene in people with and without type 2 diabetes [13] . One of the first studies of Pro12Ala reported higher BMI and decreased insulin sensitivity in elderly Finnish people who carried the Pro12Pro genotype and a fourfold elevation in type 2 diabetes risk in Japanese Americans who carried the Pro12Pro genotype [14] . In a second study, published at the same time as the Finnish/Japanese study, overweight and obese European American carriers of the Ala12 allele were reported to have higher levels of obesity traits than Pro12 allele homozygotes [15] . Since these initial reports, the Pro12Pro genotype has been consistently associated with increased type 2 diabetes risk in populations ranging in ethnicity, lifestyle and level of obesity [16] .
In the DPP, which was a randomised, placebo-controlled trial, we reported elsewhere that Pro12 homozygotes engaged a ∼1.3-fold elevated risk of developing type 2 diabetes compared with carriers of the Ala12 allele, irrespective of the intervention to which they were assigned. However, the effect of the Pro12Ala genotype on diabetes risk was modified by level of obesity, such that the genotypic effects were most evident in leaner individuals and were absent in the most obese [17] .
In the present study, we tested whether the Pro12Ala variant interacts with glucose-lowering drug treatment or lifestyle intervention to modify the risk of weight gain and change in adipose distribution in DPP participants. We also assessed the possibility that polyunsaturated fatty acid (PUFA) intake interacts with Pro12Ala to influence changes in body weight and adipose distribution.
Methods
The Diabetes Prevention Program The DPP study design and details of the preventive interventions have been described previously [10, 18] . In brief, the DPP was a multi-centre randomised clinical trial, in which the effects of metformin, troglitazone and intensive lifestyle intervention on the incidence of type 2 diabetes were assessed. Nondiabetic persons (n=3,234) with elevated fasting and post-challenge glucose were randomised to placebo, metformin 850 mg twice daily or a lifestyle intervention programme aimed at ∼7% weight loss and ∼150 min of physical activity per week; a fourth arm of 585 participants assigned to troglitazone 400 mg daily was stopped 2 years after the trial commenced because of hepatotoxicity [10] . The principal endpoint was the development of diabetes by confirmed OGTT. Detailed measurements of other phenotypes such as weight change and change in abdominal obesity were also collected. This report focuses on these obesity-related traits (i.e. weight, waist circumference or fat mass). Written, informed consent specific to genetic investigation was obtained from each participant; each of the 27 DPP centres obtained approval from their respective institutional review boards prior to initiation of the study protocol.
Participants Consent for genetic analyses was obtained from 93.3% (n=3,356/3,597) of participants who were originally assigned to a treatment arm in the DPP and for whom data at 1 year are available. Of the participants studied in this report, 56.1% were European American, 20.4% were African American, 16.7% were Hispanic, 4.4% were Asian American and 2.5% were American Indian by self report. Similar to the entire DPP, the participants' mean age at enrolment was 51 years and mean BMI was 34.1 kg/m 2 .
Quantification of dietary fat intake and body composition A semiquantitative food frequency questionnaire was used to determine usual intake of dietary fatty acids over the previous year [19, 20] . Information on dietary fatty acid consumption was partitioned into total intake of fatty acid subtypes and polyunsaturated to saturated fatty acid ratio (P:S ratio). Body composition measurements (referred to hereafter as obesity-related traits) included height, weight, waist circumference and, in a subgroup, abdominal computed tomography (CT) scanning of subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) areas. Although good-quality CT scans were available in 957 participants from 18 of the 27 DPP centres, the additional baseline and follow-up data necessary for the present study were only available in 725 individuals. The CT instruments used included GE High Speed Advantage (GE Medical Systems, Waukesha, WI, USA; five centres), Picker PQ 5000 (TransAmerican Medical Imaging, Lindon, UT, USA; five centres), Siemens and Siemens Somatom Plus (Siemens, New York, NY, USA; two centres), GE 9800 (GE Medical Systems; three centres) and GE Highlite (GE Medical Systems; two centres). Two 10 mm thick axial images were obtained at the L2-3 and L4-5 disc spaces and used to define the different adipose compartments and areas by trained staff at a central reading facility (Health Sciences Centre, University of Colorado, Denver, CO, USA) as described previously [21] .
Genotyping The methods for DNA extraction and quantification as well as for Pro12Ala genotyping in the DPP have been described in detail previously [17] . The genotyping success rate was 99.9% and the consensus rate in forward and reverse reactions was 100%. The allele frequencies at Pro12Ala in each of the five ethnic groups were in Hardy-Weinberg equilibrium (p>0.05).
Statistical analysis
The primary endpoints for these analyses were changes in weight, waist circumference or fat mass during the first year. Owing to the relatively low frequency of the Ala12Ala genotype, and to minimise type 1 error rates, we specified a priori that we would only test the Pro12Pro vs Ala12X genetic model. This restriction applied to all main effect and interaction models. For similar reasons, all genotype-by-treatment-group interaction models were tested using a chunk test incorporating all treatment groups simultaneously [22] . We used ANOVA with genotype, intervention and genotype-by-intervention interactions as the independent variables predicting change in weight, waist circumference or body fat mass. Results from all models are adjusted for age, sex, ethnicity and the baseline value for the respective outcome trait. Where no significant genotype-by-treatment-group interaction was evident, the statistical models were adjusted for treatment group rather than constructing separate models for each treatment group. Differences between means were tested using pairwise contrasts; the p values were adjusted for multiple comparisons using the adjusted Holm's procedure [23] within each set of tests pertaining to the same general hypothesis. Two-sided nominal p values are reported. Table 1 shows the characteristics of the participants stratified by Pro12Ala genotype. Allele frequencies of Pro12Ala differed significantly by ethnicity, with Ala12 allele frequencies of 11.7% (European Americans), 4.0% (African Americans), 9.1% (Hispanics), 8.6% (Asian/ Pacific Islander) and 19.6% (American Indians; p<0.001).
Results

Participant characteristics
Baseline associations for Pro12Ala genotype At baseline, following adjustments for age, sex and ethnicity, Ala12 allele carriers had larger waist circumferences (p<0.001), as previously reported [17] (unadjusted results Table 1 ). The allele frequency for participants who had a CT scan for quantification of abdominal fat area was similar to that of the whole cohort; these Ala12 allele carriers also had more SAT at lumbar 2/3 (p=0.06) and lumbar 4/5 (p=0.04), after adjustments for age, sex and ethnicity, than Pro12 homozygotes (unadjusted results Table 2 ). Baseline VAT was significantly associated with Pro12Ala genotype prior to adjustment (Table 2 ), but not following adjustment for age, sex and ethnicity. No differences between genotypes were observed for baseline weight or BMI before or following adjustment for age, sex and ethnicity. After adjustment for multiple hypothesis testing (n tests =5), only the genotypic differences for waist circumference remained statistically significant (p<0.001). Figure 1 shows the effect of treatment by Pro12Ala genotype on weight change. In a global test including all intervention arms, we observed a significant genotype-by-intervention interaction on weight change (p=0.01), with a different genotypic effect in the troglitazone arm than in the other arms. In the placebo arm, Pro12 homozygotes gained weight and Ala12 allele carriers lost weight (p=0.001 for difference). In the metformin and lifestyle arms, all individuals lost weight, but this reduction was greatest in Ala12 allele carriers (p=0.01 and p=0.04, respectively for the test between genotypes on weight loss). By contrast, with troglitazone treatment, which tended to induce weight gain, albeit not significantly (p=0.15), Ala12 allele carriers tended to gain more weight than Pro12 homozygotes (p=0.08). After adjustment for multiple hypothesis testing (n tests=5), the genotypic differences for weight change in the placebo and metformin groups remained statistically significant (p=0.005 and 0.04, respectively). Intra-abdominal fat was assessed by CT scan in a substudy of 725 participants. CT scan measures of adiposity were unavailable in individuals assigned to the troglitazone intervention due to the early termination of treatment of these participants [10] . The global test of interaction (placebo, metformin or lifestyle) by genotype on change in fat mass was not statistically significant for SAT lumbar 2/3 (p=0.15), SAT lumbar 4/5 (p=0.07), VAT lumbar 2/3 (p=0.30) or VAT lumbar 4/5 (p=0.11). Within the placebo group, as shown in Fig. 2 , SAT at lumbar 2/3 and 4/5 decreased during the trial in Ala12 allele carriers, but did not change in Pro12 homozygotes (p=0.004 and p=0.005 for differences between genotypes for SAT lumbar 2/3 and 4/5, respectively). With metformin treatment, similar reductions in SAT lumbar 2/3 and 4/5 were observed in both genotype groups (p=0.49 and p=0.92, respectively). In the lifestyle arm, reductions in SAT lumbar 2/3 were observed in both genotype groups, but the reduction was greatest in Ala12 allele carriers (p=0.03). No significant genotype effect on SAT lumbar 4/5 was observed in the lifestyle intervention arm (p=0.12). No genotype effects on measures of VAT were observed in any of the intervention groups. After adjustment for multiple hypothesis testing (n tests=14), only the genotypic differences for changes in SAT (lumbar 2/3 and 4/5) in the placebo group remained of borderline statistical significance (p=0.056 and 0.065, respectively).
Effect of interventions by Pro12Ala genotype
Interaction between Pro12Ala genotype and dietary fat intake on change in body composition Owing to the significant genotype-by-treatment-group interaction on weight change (p=0.01), we assessed the interaction between Pro12Ala and P:S ratio on 1 year weight change within treatment groups. In these models, we observed no significant interaction effects between Pro12Ala genotype and dietary P:S ratio on weight change within any of the intervention arms (all p values for interaction >0.17).
For the CT measures of body composition, we tested for interaction between Pro12Ala genotype and P:S ratio for each of the four CT slices. The Pro12Ala by P:S ratio interactions for SAT lumbar 2/3 (p=0.70), SAT lumbar 4/5 (p=0.45) and VAT lumbar 2/3 (p=0.24) were not significant. However, because the interaction between Pro12Ala and P:S ratio for change in VAT lumbar 4/5 was of borderline statistical significance (p=0.04), we continued by examining the Pro12Ala-by-P:S ratio interactions for VAT lumbar 4/5 within each of the three intervention arms. In the placebo (p=0.29) and lifestyle intervention (p=0.23) groups, the interaction was not statistically significant. However, within the metformin group, the interaction between Pro12Ala and P:S ratio on VAT lumbar 4/5 was statistically significant (p<0.001). Figure 3 shows the nature of this interaction in individuals randomised to metformin treatment. In Pro12 homozygotes, VAT was reduced to a similar degree irrespective of the level of P:S ratio. By contrast, in Ala12 allele carriers, an inverse association between P:S ratio and VAT lumbar 4/5 was apparent, where individuals consuming low P:S ratio diets (quartile 1) tended to gain VAT mass during the ensuing year, whereas those who consumed high P:S ratio diets (quartile 4) tended to lose VAT. After adjustment for multiple hypothesis testing (n tests=14), the P:S-ratio-by-genotype interaction on change in VAT lumbar 4/5 remained statistically significant (p=0.001).
As a post hoc test, we tested whether the three-way interactions between Pro12Ala × treatment × P:S ratio on the VAT measures were significant, but found that they were not (VAT lumbar 2/3: p=0.60; VAT lumbar 4/5: p=0.46).
It is possible that a person's ethnicity may influence the way in which they respond to questions about dietary fat intake. This could complicate the interpretation of tests of gene-nutrient interaction when performed in ethnically heterogeneous groups such as the DPP. Therefore, we repeated the P:S-ratio-by-Pro12Ala interaction analyses in Whites and Hispanics only (n=538). When all treatment groups were combined, the effect of P:S-ratio-Pro12Ala interaction on 1 year change in VAT area at lumbar 4/5 was of borderline statistical significance (p=0.07). As with the main analyses including all ethnic groups, this interaction term was statistically significant in individuals randomised to metformin treatment (p=0.0008). In the placebo group, the interaction on VAT area (lumbar 4/5) was also nominally significant (p=0.02) and was of borderline statistical significance for SAT area (lumbar 4/5; p=0.056).
In the lifestyle group, the P:S-ratio-Pro12Ala interaction showed a similar trend for SAT area (lumbar 2/3; p=0.075), but no evidence of interaction on VAT area was observed.
Discussion
We have studied the role of the PPARG Pro12Ala genotype on body composition and adipose distribution assessed by CT scan in participants from the DPP. This is the only study to date to have assessed the interactions between Pro12Ala genotype and dietary fatty acid intake on changes in visceral or subcutaneous fat measured using gold-standard techniques. This is also the first clinical trial to assess the interactions between the Pro12Ala genotype and glucose-lowering drug treatment on obesity-related traits. We found that Ala12 allele carriers had more central adiposity at baseline, but in contrast to Pro12 allele carriers they lost weight during follow-up when assigned to the placebo arm of the study. In people randomised to either metformin treatment or intensive lifestyle modification, weight loss occurred in both genotype groups, but was greater in Ala12 allele carriers, suggesting that the effect of Pro12Ala genotype on weight change is independent of either intervention. In those randomised to the troglitazone arm, weight gain occurred, but was generally restricted to Ala12 allele carriers, suggesting an effectmodifying role for the Pro12Ala genotype in troglitazonerelated weight gain. Whether this is due to fat accumulation, fluid retention or both could not be addressed in this study due to the lack of follow-up CT data in troglitazone participants. We also observed a significant interaction between genotype and dietary intake of PUFA, a putative PPARγ ligand, in individuals assigned to metformin treatment, where the inverse relationship between P:S ratio and change in VAT area at lumbar 4/5 was stronger in Ala12 allele carriers than in Pro12 homozygotes. The two core research questions investigated in this study were defined a priori and were based on existing biological evidence. Our first hypothesis, that the Pro12Ala genotype is associated with obesity-related traits at baseline, is supported by a large body of evidence showing association between the Pro12Ala and anthropometric measures of obesity [24] . The availability of CT measurements of visceral and subcutaneous fat in the DPP enabled us to investigate whether the obesity-related effects of Pro12Ala localise to a specific adipose compartment. Our second hypothesis was that Pro12Ala genotypes and DPP interventions interact to modify changes in obesity-related traits. The observations that each of the DPP interventions invoked weight change [10] , that obesity modifies the effect of Pro12Ala on diabetes incidence [17] and that Pro12Ala is known to associate with obesity phenotypes [24] justify testing for gene-treatment interactions at this locus. More specific support for these hypothesis tests comes from the published studies showing that dietary fats, physical activity and thiazolidinediones (TZDs) interact with PPARG to influence weight change [25, 26] . PPARγ, the protein encoded by PPARG, regulates adipogenesis, lipolysis and insulin sensitivity and is part of a family of nuclear transcription factors that may bind long-chain fatty acids and TZDs in a ligand-dependent manner. PPARγ is primarily expressed in white adipose tissue [27] and plays a pivotal role in adipocyte differentiation, as evidenced by the lack of adipose tissue in Pparg knockout mouse embryos [28] . The transcription of PPARG is regulated largely through the availability and binding potential of specific ligands. More than a decade ago, it was discovered that the synthetic PPARγ ligands include the TZD class of glucose-lowering drugs [26] and that the accumulation of adipose tissue following TZD treatment is mediated by induction of PPARG. More recently, in vitro studies have shown that inhibiting PPARG transcription via a pharmacological antagonist prevents many of the TZDinduced effects of PPARγ on adipocyte differentiation [29] . Endogenous PPARγ ligands include prostaglandins, while natural exogenous ligands may include long-chain (>20 carbon atoms) PUFAs. The ability of PUFAs to activate PPARG is thought to underlie the lower rates of diabetes observed in groups who consume diets rich in fish oils, such as Alaskan Inuits [30] . Several observational studies have reported interaction between dietary PUFA intake and Pro12Ala genotype, where the association between PUFA intake and insulin sensitivity, body weight or type 2 diabetes risk was stronger in Ala12 allele carriers than in those homozygous for the Pro12 allele [31] [32] [33] [34] .
The Pro12Ala genotype at PPARG is believed to alter the gene's transcriptional activity owing to its location in the functional binding domain; it has been previously associated with risk of type 2 diabetes and its intermediate traits [16] . In the initial association studies, the risk of type 2 diabetes was approximately 20% lower in carriers of the minor Ala allele than in Pro12 homozygotes [14, 35] . Two recent metaanalyses have addressed the relationship between the Pro12Ala variant and obesity. In a meta-analysis of nearly 20,000 individuals, Masud and Ye [24] reported that BMI in carriers of the Ala12 allele was 0.07 kg/m 2 higher than in Pro12 allele homozygotes (p=0.019). In a subsequent metaanalysis of 32,000 individuals, Tonjes et al. [12] reported no overall association between Pro12Ala genotype and BMI; however, in European Americans, BMI was significantly higher in Ala12 allele carriers than in Pro12 homozygotes. In the meta-analysis by Masud and Ye [24] , the relationship between Pro12Ala and obesity was highly variable across studies (heterogeneity p<0.0001), raising the possibility that the genetic association may be modified by other unmeasured variables. Indeed, when these data were stratified by lean and overweight/obese, an association of 50% greater magnitude was observed in the overweight/obese group compared with the effect estimate when all data were combined (0.11 vs 0.07 BMI units higher in Ala12 allele carriers compared with Pro12 homozygotes in obese and all individuals, respectively) [24] . In the DPP, baseline obesity modified the effect of the Pro12Ala polymorphism on diabetes incidence [17] , where the protective effects of the Ala allele on diabetes risk decrease in magnitude at higher BMI. These differences in the effect of Pro12Ala at different levels of obesity could be related to factors associated with weight gain, such as dietary fat intake, physical inactivity and treatment with TZDs, which modify the effect of Pro12Ala genotype on fat mass accumulation.
Several [32] [33] [34] 36] , but not all [37, 38] studies examining the combined roles of lifestyle factors and Pro12Ala genotype have reported interaction between Pro12Ala and dietary fatty acid ratio on insulin resistance, type 2 diabetes or BMI. In the initial report on this topic, there was an interaction between the Pro12Ala genotype and dietary P:S ratio, such that Ala12 allele carriers were more obese than Pro12 homozygotes when dietary P:S ratio was low, whereas the opposite was true (i.e. Ala12 allele carriers were less obese than Pro12 homozygotes) when the P:S ratio was high [32] . Subsequent observational studies have reported similar findings [33, 34] . These crosssectional gene-diet interactions are consistent with the longitudinal interactions we report here for changes in VAT area in people assigned to metformin treatment. The major limitation of the earlier observational studies, however, is that obesity may confound the apparent modifying effects of dietary fatty acids. This is because obesity and dietary fat intake (particularly when selfreported) are related [39] and their respective effects cannot be disentangled in observation data. Thus, it is reassuring that intervention studies where dietary fat intake is more tightly controlled have yielded comparable results. For example, in the Finnish Diabetes Prevention Study (DPS), a randomised controlled trial of lifestyle intervention in people at high risk of type 2 diabetes, Ala12 homozygotes lost more weight than Pro12 allele carriers, which is consistent with our findings in the DPP, while none of the six Ala12 homozygotes in the intervention arm of the DPS developed diabetes during 4 years of follow-up [36] . In a small Korean study, Ala12 allele carriers had more central and total fat mass than Pro12 homozygotes at baseline, which is also consistent with our findings. However, the Pro12Ala genotype did not modify changes in these parameters during a 1 month weight-loss intervention [38] , which may be due to the short duration and small size of the study.
The study we report here is not without limitations. Thus DPP participants had elevated fasting glucose, impaired glucose tolerance and BMI≥24 kg/m 2 (BMI≥22 kg/m 2 for Asian Americans) at baseline. Therefore our results may not be generalisable to individuals who are lean or normoglycaemic. The DPP was neither designed nor sufficiently powered to determine whether the genotypic effects we report are ethnicity-specific, further limiting generalisability. Furthermore, the observed levels of statistical significance for some of the main genetic and interaction effects reported here are marginal and do not withstand adjustment for multiple hypothesis testing. To guard against an excessive number of false positive associations, it is customary to require very stringent p value thresholds (e.g. p<10 −6 ) for statistical significance in genetic studies. However, the hypotheses in this report were defined a priori, are biologically plausible and our findings are consistent with existing data from observational studies; thus, our prior probability is higher than in many other scenarios and the requirements for such stringency may, in our view, be relaxed somewhat in this situation.
In summary, the Pro12Ala polymorphism is associated with various baseline measures of obesity in DPP participants. When assigned to intensive lifestyle intervention or treated with metformin, Ala12 allele carriers lost more weight and subcutaneous fat than Pro12 homozygotes. By contrast, when treated with troglitazone, Ala12 allele carriers tended to gain more weight than Pro12 allele homozygotes, although we cannot establish whether this is due to fluid retention, fat accumulation or both. Furthermore, dietary PUFA intake appeared to modify the effects of Pro12Ala on visceral fat area in people treated with metformin. In this group, the P:S ratio was associated with lower visceral fat area in carriers of the minor Ala12 allele than in Pro12 homozygotes. The mechanisms underlying this interaction remain to be determined, but our findings are consistent with genotype-dependent activation of the PPARG gene by nutritional ligands.
